
AN EXPERIMENTAL AND COMPUTATIONAL STUDY

OF THE FLOW

IN A TRANSONIC COMPRESSOR ROTOR

by

William T. Thompkins, Jr.

GTL Report No. 129 May 1976

This research was carried out in the

Gas Turbine Laboratory, M.I.T., supported

by the NASA Lewis Research Center under

Grant NGL 22-009-383.





-3-

ABSTRACT

P_ PAGE BLANK NOT FtLP,,!Fn

A comprehensive investigation of the flow field produced by

an isolated transonic compressor rotor has been completed. This

rotor has an overall diameter of two feet, an inlet hub/tip ratio

of 0.5, a tip Mach number of 1.2 and a total pressure ratio of

1.65. The time resolved three dimensional exit flow produced by

this rotor was experimentally measured with sufficient spatial

and temporal resolution to determine velocity components and

pressures inside individual blade wakes and in the surrounding

flow. A numerical calculation of the steady inviscid three dimen-

sional through-flow was computed using MacCormack's second order

accurate time-marching scheme. Comparisons between the numerical

solution, the exit flow measurements, and measurements of the

intra-blade static density field obtained by gas fluorescence

showed that the inviscid computation accurately models transonic

compressor aerodynamics and rotor blade pressure distributions in

the upstream portion of the passages, the viscous effects influ-

encing mainly the downstream portions. It is felt that such a

computation procedure has great potential as a compressor design

and development tool especially when coupled with a suitable boun-

dary layer analysis.
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CHAPTER I

INTRODUCTION

Improving the efficiency of modern transonic axial flow

compressors is an area of increasing research effort because of a

need to reduce gas turbine fuel consumption while also reducing

engine weight. The best current compressor stages operate with

moderately supersonic tip speeds and have total pressure ratios

of 1.6 or higher with efficiencies approaching 90 percent. Only

3 or 4 percent of the inefficiency is fundamental in the sense of

being directly related to frictional drag on the compressor blades;

the remainder being determined by other loss mechanisms lumped

under "secondary flows". Minimizing blade frictional losses and

secondary flow losses will require experimental and theoretical

methods which can resolve not only average flow properties but also

the details of the complex three dimensional flows present in these

machines.

Design of efficient stages has been retarded by a lack of

adequate time resolved flow measurements downstream of high tip

speed rotors. Time resolved, three dimensional measurements have

been obtained only for low speed stages, for example reference (i).

Some time resolved total pressure measurements for high speed

stages, reference (2), have been reported, but measurements of a

single flow quantity provides little information on detailed aero-

dynamics and flow mechanisms. One goal of the present investigation

is to provide time resolved measurements of total and static
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pressures, radial flow angles, and tangential flow angles down-

stream of a representative high speed, highly loaded compressor

rotor. Measurementswere taken for an isolated compressor rotor

which has a tip Machnumber of 1.2, a total pressure ratio of 1.65,

a two foot overall diameter, and an inlet hub/tip ratio of 0.5.

A critical evaluation of the experimental data taken requires

that the expected rotor through-flow be calculated as accurately as

possible. Recent advances in digital computer processor speed and

numerical methods have made it possible to compute flow solutions

for the complex blade geometries found in turbomachinery. A fully

three dimensional inviscid solution for the rotor through-flow was

calculated to compareagainst the experimental data. This solution

was computedusing MacCormack'stime-marching finite difference

method which yields second order accurate solutions. By comparing

the numerical solution to the experimental flow measurements, a

much clearer understanding of the rotor aerodynamics and the impor-

tance of viscous phenomenain determining the rotor through-flow can

be obtained than could be gotten by using only the experimental

results.

During this investigation a flow visualization study of the

intra-blade density for the test rotor was reported by Epstein,

reference (3). This study provided instantaneous static density

measurementson several axial planes through the rotor blade

passage. The availability of the three dimensional instantaneous

density measurementsand the three dimensional numerical computation
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for the same geometry provides a unique chance to evaluate the

accuracy of the numerical computation. A comparison of the

measured intra-blade density to the computed density field and an

evaluation of the inviscid numerical computation's potential as a

design tool are important portions of this research work.
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CHAPTER II

EXPERIMENTAL MEASUREMENTS

2.1 Test Facility

A detailed time resolved study of the flow upstream and down-

stream of a high work compressor rotor has been conducted. During

this study, measurements of total pressure, static pressure, radial

flow angle, and pitchwise flow angle were obtained on the blade

passing scale in several radial planes. It is the purpose of this

section to describe the experimental facilities and instrumentation

utilized, the data recording and data processing techniques used

and the basic flow field data obtained.

The experiments were conducted in the M.I.T. Blowdown Com-

pressor Facility which is described in reference (4), but because

of the facility's unique nature it will be described in some detail

here. This facility allows the testing of full scale high speed

compressor rotors with modest expenditures of money and power.

These savings are accomplished by testing a rotor in a pulsed mode

rather than the conventional steady state mode. Such a procedure

can be successful since most important aerodynamic phenomena have

time scales of at most a rotor rotation period. For example, the

flow time through the test rotor is approximately 1/20 of the rotor

rotation period. Thus if steady state conditions can be provided

for a few rotor rotation periods most relevant aerodynamic data can

be collected.

The necessary steady state test time is provided by the
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Blowdown Compressor Facility in a manner somewhat analogous to a

shock tube experiment. The facility, drawn to scale in Figure 2.1,

consists of a supply tank separated by a diaphragm from a test

section and a dump tank into which the compressor exhausts. An

experiment is performed by bringing the rotor up to speed in a

vacuum, breaking the diaphragm and allowing a test gas to flow

through the compressor. The gas flow rate is controlled by a

choked discharge orifice so that a constant exit axial Mach number

is maintained. During a test the rotor is driven only by its own

inertia and therefore slows down as it does work on the test gas.

Since the supply tank acoustic period is small compared to its

blowdown time, the supply tank acts not like a shock tube driver

but as a stagnation plenum whose pressure and temperature decrease

with time. By proper selection of the initial supply tank pressure,

which controls the power taken out of the rotor, the rotor's rate

of deceleration can be matched to the plenum temperature's rate of

decrease such that the rotor tip Mach number remains constant with

time.

Under the conditions of constant exit Mach number and constant

tip Mach number, the rotor non-dimensional performance parameters,

P /P for example, will remain constant on the blade passing time

t2 tl
scale. This assertion will be true if the flow-through time is

short compared to the blowdown period. For the blowdown facility

this ratio is about i/I00. To illustrate the absolute time scales

of interest during a blowdown test, typical facility parameters are
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shown in Figure 2.2. The blowdown test lasts about 0.2 seconds,

while the steady state test time lasts about 40 milliseconds. The

test time begins at about 75 milliseconds. The comparison between

the plenum temperature and the rotor speed squared shows that the

rotor tip Machnumberremained at 1.2, its initial value, throughout

the test. The typical position of a radial traversing probe during

a test is also shown. The initial blade passing frequency is 3.5

KHz.

In contrast to the blowdown tunnel design, the test rotor is

of conventional design for a high speed, high work compressor rotor.

The design of the rotor was also described in reference (4). Some

highlights of the design are a total pressure ratio of 1.6, tip

Machnumberof 1.2, an inlet hub/tip ratio of 0.5, an exit hub/tip

ratio of 0.64, and an inlet axial Machnumber of 0.5. A summaryof

rotor design information is shownin Figure 2.3.

Double circular arc blade sections were used for the subsonic

portion of the span; while, multiple circular arc blade sections

were used for the supersonic portion. The rotor has 23 blades.

Figure 2.4 is a scale drawing of the facility test section

and rotor flow path. The axial location of the various instrumen-

tation ports is also noted. Port 4 and port 5 are immediately

upstream and downstreamof the rotor respectively. The axial

spacing of the ports is about one axial chord length. The figure

shows that the outer casing is cylindrical and that all the flow

path convergence is taken on the inner casing.
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2.2 Instrumentation

Supply tank, test section, and dump tank pressures were

measured using conventional strain-gauge transducers having

frequency response flat to 1KHz. These transducers also have

extremely good stability. The rotor speed is found from a magnetic

pickup adjacent to a 115 tooth gear on the rotor shaft.

Time resolved measurements of the fluctuating pressures behind

the compressor rotor were determined using probes based on the mini-

ature silicon-bonded transducers produced by the Kulite Corporation.

These transducers have frequency response flat from DC to I00 KHz

and their diameter is 0.058 inches. Probes which can be used to

resolve highly unsteady three dimensional flow fields can be

produced by combining several of these diaphragms into one probe

body. The probe design used in these experiments is shown in

schematic form in Figure 2.5. Four transducers were mounted on

flats on a cylindrical body to construct this probe. One transducer

faces the mean flow direction while the remainder are inclined at

45 degrees to the mean flow direction. During a compressor test

the probe is traversed radially inward with transducer number i

perpendicular to the mean flow direction.

The fraction of the free stream dynamic pressure recovered at

each transducer location is primarily a function of radial and

pitchwise flow angles. Dynamic pressure recovery is influenced to

a much lesser degree by Mach number and Reynolds number. The

pressure recovery measured at each transducer location during
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steady state testing is shown in Figures 2.6, 2.7, and 2.8 for

several combinations of flow angles. The recovery measured for

transducer number 2, which is not shown, is identical to that of

transducer number 3, if the sign of @ is reversed. During a com-

pressor test, the transducers are referenced to vacuum and indicate

absolute pressure.

The effect of Mach number and Reynolds number variation on

the probe calibrations were determined in steady state model

testing. The range of Mach number simulated was 0.25 to 0.55; the

4 4

range of Reynolds number simulated was 0.8 x I0 to 3 x I0 , based

on probe diameter. The effect of changing Mach number and Reynolds

number over these ranges was small for angle variations of + 15

degrees. For larger angle variations, the effects of Mach number

and Reynolds number are expected to be much stronger.

The physical dimensions of the traversing probe limit the

spatial resolution that may be achieved. For the rotor tested the

pitchwise distance between transducers is about 3% of blade spacing

at the hub; while, in the radial direction the maximum distance

between transducers is about 5% of the blade span. Large flow

gradients could not be reliably determined over distances smaller

than these.

It should be noted that the transducers are mounted on the

probe body without any surrounding cavities. In this way the full

frequency response of the transducers is retained. However the flow

time across these transducers limits the probe response to about I0
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times blade passing frequency, which is sufficient to resolve events

occurring in the blade passing time scale.

One of the most important aspects of using the kulite dia-

phragms to measure absolute pressures is their proper calibration.

In the Blowdown Compressor Facility, they are calibrated after each

test during venting of the facility to atmospheric pressure. During

this transient, the response of the low and high frequency response

transducers is recorded. The kulite gages are calibrated by compar-

ing their response to known response of the low frequency transducers.

The flow variables can be determined from the measured pres-

sures using an iterative procedure for which a flow chart is shown

in Figure 2.9. First, a guess of the total pressure is made. Values

of the static pressure, radial flow angle (_), and pitchwise flow

angle (O) are found using relationships like that illustrated in

Figure 2.10 which are determined from the diaphragm recovery curves,

Figures 2.7 and 2.8. These relationships express the effect of the

flow angles on the recovery of diaphragm numbers 2, 3 and 4. A new

value of the total pressure is calculated using Figure 2.6 which

expresses the flow angle effect on the recovery of diaphragm number

i. If the new total pressure value differs from the guessed value

by more than 0.5%, a new total pressure guess is made and the iter-

ation repeated until the guessed and calculated values are suffi-

ciently close.

When the flow angles are within _ 15 degrees and the Mach

number not near 1.0, the flow angle measurements are accurate within
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1 degree and the total pressure measurementsare accurate within

2%. As the flow angles increase to 20 degrees, the accuracy

decreases slowly. Beyond 20 degrees, one of the diaphragms seems

to be located in a separated flow region and the accuracy decreases

rapidly.

A second type of high response probe used was a miniature

stagnation probe, sketched in Figure 2.11. This probe consists of

a kulite diaphragm mounted inside a small impact tube. Earlier

testing, reference (4) indicated that such a probe would be insen-

sitive to angle variations of _ 15 degrees and have a frequency

response flat to 30 KHz. Similar probes have been used, references

(2) and (5), for unsteady pressure measurementsin compressors with

both subsonic and supersonic axial flow.

Both of these probes are mounted on radial traversing mechan-

isms, which allows the probe to survey the entire span within the

steady state test time of 40 milliseconds. Since the rotor pressure

distribution is swept past the traversing probes much faster than

the probes are movedradially, a complete mapof the flow field in

one radial plane can be determined in one test run.

2.3 Data Recordin$ and Data Reduction

During an experiment, test data is recorded on a fourteen

channel FM tape recorder. This machine is an Ampex Corporation

model FR-1900 recorder which allows recording of FM analog signals

having frequencies from DC to 80 KHz. One channel of the recorder

is reserved for a 200 KHz crystal oscillator which provides an
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absolute time base for the experiment and subsequent data analysis.

The recorder playback speed may be reduced by up to a factor of 64

to facilitate data analysis. The signal to noise ratio achieved

using the recorder is 40 dB.

Analysis of the high response data collected is made practical

by analog-to-digital conversion (ADC) and then performing data

analysis on a digital computer. A flow chart of the data processing

scheme is shown in Figure 2.12. The initial step of ADC is done

using the ADAGE Computer available from the Electronic Systems

Laboratory at MIT. The ADC process is described in detail in refer-

ence (6). Only a modest ADC rate is possible on the ADAGE, this

fact requires that the analog tape playback speed be reduced by its

maximum factor of 64. Tape recorder flutter compensation and low

pass filtering are included in the ADC step.

The output of the ADC step is a digital format tape which

contains one tape file for each of the original analog tape channels.

The recorded 200 KHz oscillator is used as a trigger which allows

sampling at a sufficient rate and establishes a very accurate real

time for each digital sample.

Further data processing was done on the IBM 370/168 available

at the Information Processing Center at M.I.T. During the reforma-

ting and compaction steps, the quantity of data to be processed is

reduced to cover only time periods of interest and voltage values

are converted from their Adage binary format to their decimal values.

An elapsed time indicator is assigned to each data sample as well as
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a key which is unique for each analog tape recorder channel. The

output of this intermediate processing step is also stored on

magnetic tape. Thesevalues are then retrieved, converted to pres-

sures, and stored on direct access devices for randomretrieval by

data reduction programs.

Data reduction programs perform several plotting functions as

well as reducing the four diaphragm probe measurementsto pressures,

flow angles and Machnumbercomponents. Other functions of the

programs include total temperature and entropy rise calculations,

mass flow calculation, and time and mass flow averaging of flow

variables.

2.4 Basic Flow Field Data

Measurementstypical of those taken using the four diaphragm

probe located 0.I axial chords downstreamof the rotor and at an

r/r of 0.74 are shownin Figures 2.13, 2.14, and 2.15. Figure 2.13
t

shows the local total pressure ratio (P /P ) and static pressure

t2 tl

ratio (P /P ). Figures 2.14 and 2.15 show the Mach number compo-
s2 tl

nents computed from the pressures plus the measured flow angles.

As time increases in these plots, the rotor turns such that the

probe appears to move from the suction side of one blade to the

pressure side of the adjacent blade.

Figure 2.14 shows, at least qualitatively, the velocity profile

expected for a rotor wake when observed from a stationary reference

frame. That is, the wake has an axial velocity defect and an excess

of pitchwise or tangential velocity. Figure 2.13 shows that there
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is a large total pressure defect associated with the wake and that

the static pressure is not uniform across the wake, in fact it

varies by as muchas plus and minus 25 percent. Close scrutinity

of Figure 2.13 shows that the minimumstatic pressure occurs on the

pressure side of the wake; while, the maximumstatic pressure occurs

on the suction side of the wake. These wakes are highly curved

toward the pressure side of the blade in both the absolute and rela-

tive reference frames, and the static pressure gradient appears to

be consistent with this streamline curvature. Large outward radial

Machnumbers (up to 0.25) can be seen from Figure 2.15 to exist at

the tangential location of minimumstatic pressure, i.e. on the

pressure side of the wake. Across the wake, the radial Machnumber

decreases by approximately 0.25. An area of radial inflow also

appears at around mid-gap.

These data are typical of data recorded for r/r < 0.80 in
t

that the flow is periodic at blade passing period or the flow is

steady in rotor coordinates.

Data recorded when the four diaphragm probe was located at

r/r - 0.87 are shown in Figures 2.16 through 2.19. These data are
t

representative of results obtained at large r/r . In Figure 2.16
t

the flow is shown to have large blade to blade variations; also,

the blade wakes appear as areas of high total pressure rather than

low total pressure as was the case at small radius ratio. Some

local areas of total pressure ratio as high as 2.10 exist.

The large variations in the flow angles found at this radius
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are shown in Figure 2.17. In a few of the time samples, the flow

angles relative to the probe exceed the range of good probe accur-

acy. Pitchwise angles larger than 65 degrees or smaller than 25

degrees as well as radial angles of + 20 degrees fall outside this

range. The flow angle variations encountered at this radius are

perhaps the most extreme encountered during the compressor testing

but the vast majority of the data does fall within the range of

good probe resolution.

The calculated Mach number components are shown in Figures

2.18 and 2.19. These data again show the large blade to blade

variations at this radius; some blade passages appear severely

stalled while others produce almost no blade wake.

By examining the wake shed by a single blade during successive

passes at a constant r/r , it was found that the flow is quite

t

unsteady in rotor coordinates for r/r > 0.80. Evidence of an

t

unsteady separation process at r/r > 0.83 has also been found by

t

Epstein in reference (3) using a fluorescent density measurement

technique.

Figure 2.20 shows a comparison between the four diaphragm

probe total pressure measurements and measurements made using the

miniature total pressure probe. These data are from the same radial

location, r/r = 0.87, but are from different test runs so they

t

should not be expected to be identical. The level of total pressure

appears to be the same as well as the range of pressure ratio, up to

2.10. In addition the shape of the local spikes in pressure appear
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approximately the same.

In order to determine the distribution of work input and

losses, a calculation of the local total temperature ratio was

attempted. The temperature ratio was calculated using Euler's

Turbine Equation as applied to a streamtube.

Tt2 = i + wrV_2 (2.1)

Ttl CpTtl

This form of the equation is valid for streamtubes in which the flow

is steady in a coordinate system relative to the rotor. If we con-

sider the instantaneous temperature ratio, the unsteady effect of

the blowdown can be neglected; however, as was shown in the last

section some portions of the flow are unsteady on a blade passing

time scale. For such streamtubes the computed temperature ratios

could be substantially in error, and this should be kept in mind

when interpreting the following results.

Introducing convenient non-dimensional variables into Euler's

equation yields:

Tt2 = 1 + (MT)(Y-1)(r/rt)Me2(l + ___ M2) (Tt2/Ttl) (2.2)
2

Ttl

where M = rotor tip Mach number based on T •

T i

From the local total pressure and temperature, the local entropy

rise across the blade row can be calculated.

A_.__s = in ((Pt2/Pt 1)- (Y-I) (±t2/_rtl )_) (2 .3)

C
v

Figure 2.21 shows the total temperature ratios and the total pres-

sure ratios for r/r = 0.738. Here we see that the most work addi-

t

tion has occurred in the wakes. The observed wake total pressures
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and total temperatures are generally consistent with the wake

behavior discussed in reference (7).

If the local pressure, temperature, and Machnumber are known

throughout a radial plane behind the compressor rotor, the integral

performance of this rotor can be calculated. For example the total

mass flow:

m = ffp V rdrd0 (2.4)z

rewritten in terms of convenient variables thus yields:

]-½Mm = YPort //{(P2/Pl)[(Tt2/Ttl )(I + y-i M 2) }r d(r Zde (2.5)

ao 2 z rt rt

where the quantities inside the integral are the measured non-dimen-

sional performance variables and Po are arbitrary reservoir conditions.

a

The compressor mass flow computed by this method is 14.2 Kg/sec

at t = 0.I seconds in the blowdown. Mass averaged flow quantities,

such as total pressure ratio and total temperature ratio, can be

determined by similar means:

(Pt2/Ptl) av = I ff(OVz)(Pt2/Ptl) rdrdO (2.6)

m

The mass averaged total pressure ratio at station 5 was 1.646; the

mass averaged total temperature ratio was 1.158.

The mass averaged total temperature rise may also be calculated

by using the known deceleration rate for the rotor

P
Tt2 - Ttl = s = I_ de (2.7)

C • C • dt
pm pm

where P = the power being taken out of the rotor, and I = moment ofs
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P = 264 KW at
s
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t = 0.i seconds

Using the mass flow previously determined, the total temperature

ratio may be calculated and is found to be 1.154. This value

compares very favorably to the calculated value of 1.158.

These two total temperature calculations are not strictly

independent since the calculated local temperature was used in the

mass flow calculation, see equation (2.5). However, the total tem-

perature ratio appears to the 1/2 power; further, as can be seen

from Figure 2.21, the temperature ratio is nearly constant outside

the blade wakes. Thus it can be said that the local temperature

calculated from the Euler equation seems to give a very realistic

evaluation of the work input to the flow.

Mass flow averages at a constant radius were computed for

several flow variables and are illustrated in Figures 2.22 and 2.23.

These averages were computed from time samples five blade passing

periods in length. Figure 2.22 shows the total pressure and temper-

ature ratio. Here we see that the total temperature rather closely

approaches the overall average value of about 1.16 except at the

rotor tip. At the tip, substantial extra work input is found which

is a typical result for compressor rotors of this design. Also the

temperature determined at the different axial stations match closely.

There is, however, a systematic difference between the total

pressures at stations 5 and 6 which corresponds to approximately a

4 percent decrease in efficiency, based on the average pressure and
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temperature. Whenthe relative reference frame total pressure is

calculated from the mass flow averaged quantities, it is found to

decrease by 3 percent from upstream of the rotor to port 5. This

decrease while small compareswell with the level of total pressure

loss normally measured for cascades, see reference (8). At this

measurementplane, most of the total pressure loss associated with

wake mixing and secondary flows has not occured. The rotor isentropic

efficiency at port 5 is 97 percent, but the efficiency is reduced

to 93 percent at port 6 by wake mixing and secondary flow losses.

Average pitchwise and axial Machnumberprofiles are shown in

Figure 2.23. Considerable deviations from the design profiles exist

and are especially important at larger r/r . The average radial
t

Machnumberwas nearly zero.

Wheneverhigh response data is collected, a serious problem

arises in assimilating the quantity of data recorded. Oneway to

overcomethis problem is to construct level curves or contour plots

of flow variables in an r-o plane. Data samples recorded at several

radial positions and approximately 3 blade passing periods in length

were selected. The samples were all chosen to begin at the same

relative time in a blade passing period. A data point in these

samples then corresponds to a point in a sector of the r-@ plane

including 3 blade passages.

A contour plot of the rotor total pressure ratio in the radial

plane 0.I chords downstreamof the rotor is shown in Figure 2.24.

In this plot data from I0 radial positions were used. The starting
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points of the data samples were selected such that the blades are

located at 0.0, 1.0, 2.0, and 3.0. At small r/r the flow field
t

can be seen to have nearly constant total pressure except near the

blade wakes. Near midspan, islands of high pressure appear in the

core flow as well as near the wakes. At large r/r numerous islands
t

of high and low pressure are scattered throughout the flow field.

Here again it can be seen that at small r/r the wakes in general
t

have a total pressure defect while at large r/r the wakes have
t

an excess of total pressure.

It should be emphasizedthat these data are in a sense taken

out of context since data from several different blades at different

times are combined into a single plot. As was previously discussed,

unsteadiness does exist and is important at larger radii; therefore,

somedistortion and loss of detail in these contour plots is inevi-

table. However, flow features commonto all blades will be empha-

sized by this procedure.

A contour plot of the rotor static pressure ratio (P /P )
s2 tl

is shown in Figure 2.25. Many interesting features appear in this

plot; in particular the high static pressure area at about midspan

and the localized high-gradient low-pressure areas. No convincing

explanation for the origin of the areas is yet known; however, the

existence of these areas is supported by the intra-blade density

measurements of reference (3) previously noted.

A contour plot of the entropy rise (s - s )/C , is shown in
2 I v

Figure 2.26. The entropy rise was determined from the measured total
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pressure and the calculated total temperature. At small r/r the
t

flow appears to be very nearly isentropic except for the wakes.

Above midspan isolated regions of high entropy appear.

Contour mapsof the axial Machnumber, pitchwise Machnumber,

radial Machnumber, and total temperature ratio are included as

Figures 2.27 through 2.30 for later reference. These data all

appear to be self-consistent. For example, large radial flows are

directed away from the high static pressure areas at about midspan.

In addition, these data all have large disturbances concentrated at

blade passing frequency.

Similar sets of contour plots were prepared from radial

surveys done further downstreamof the rotor. Mapsconstructed from

a traverse 1.0 axial chord downstreamare shown in Figures 2.31

through 2.37. These figures show that considerable evolution of

the flow field occurs in one axial chord. In particular, consider-

able decay of the disturbances introduced by the rotor has occurred

at smaller r/r , while at larger r/r the disturbances seemto have
t t

propagated without significant decay. In addition, the main distur-

bance frequency for r/r > 0.82 is significantly lower than the
t

blade passing frequency; the fundamental disturbance at these radii

appears to be about 1.4 times blade passing frequency. The flow

field in this outer section is similar to a cellular vortex flow of

the type which occurs between coaxial rotating cylinders under some

conditions of radial circulation variation. In Figures 2.35 and

2.36, zones of large inward and outward flow exist, together with

O_|OINAL PA_

OF _ _II..L&L-ITY
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alternate large and small pitchwise or tangential velocity.

The evolution of the flow field from port 5 to port 6 is

largely explained by the effect of the mean swirl velocity profile,

or pitchwise velocity, on the blade wakes. These effects have been

extensively discussed in general and for the test rotor swirl profile

by Kerrebrock (9, I0). It was shown that in the inner portion of

the annulus, r/r < 0.82, shear disturbances or wakes should be

t

attenuated with increasing distance from the rotor; in this section

of the annulus, the swirl velocity profile can be approximated as a

free vortex. In the outer annulus section, for which the swirl

velocity profile can be approximated as a solid body rotation, shear

disturbances should be persistent or oscillatory in the downstream

flow. These persistent disturbances are similar in nature to well

known inertial waves. It was also argued in reference (i0), at

least in a qualitative sense, that the first mode of a stable shear

disturbance field in the outer annulus would have a fundamental

frequency which is about 1.4 times the blade passing frequency.

This shear mode would have a tangential mode number, m, of approx-

imately 16; a disturbance at blade passing frequency would have a

mode number of m = 23. Regardless of the mean swirl profile,

entropy disturbances should be convected by the mean flow. These

predictions are all consistent with the flow field summary maps,

Figures 2.32 through 2.36.

Measurements of the upstream sound pressure field for this

same rotor, reference (ii), showed that a well developed duct modal
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structure exists which has dominant tones at modenumbers of m = 7

and m = 16. This sound field was typical of the combination tone

field of a transonic fan. It now seemsclear that the m = 16 tone

is excited by the cellular flow in the downstreamannulus. The

m = 7 tone may be a combination tone of m = 23 and m = 16 distur-

bances.
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CHAPTER III

NUMERICAL METHODS

3.1 Introduction

The rotor for which the experimental measurements were taken

is highly loaded, has a low hub-to-tip ratio, and has transonic

inlet Mach numbers. These facts dictate that a successful compu-

tation of the flow field must be fully three dimensional and must

be capable of handling mixed subsonic and supersonic flows. Even

though the results of Chapter II indicate the viscous blade wakes

to have an important influence on the complete flow, the calcula-

tions in this section will be conducted for an inviscid non-heat

conducting fluid, as the computation of general high speed viscous

flows remains well beyond the range of current computational methods

and computer hardware. The inviscid solution will be compared to

the experimental measurements taken downstream of the rotor and to

the intra-blade density measurements reported by Epstein in refer-

ence (3). These comparisons should provide unique information on

the accuracy and suitability of inviscid flow analysis when applied

to turbomachine aerodynamics. The comparisons should also provide

a much better understanding of the influence of viscosity on the

rotor through-flow. A three dimensional inviscid calculation also

has considerable importance as an essential first step toward compu-

ting the complete rotor flow field by adding a boundary layer analysis

to the inviscid computation.

The computational task is complicated by the appearance of
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shock waves both inside the rotor passage and upstream of the rotor.

A typical flow pattern for a transonic cascade is illustrated by

Figure 3.1. A strong passage shock originates at the leading edge

of one blade and terminates on the suction side of the adjacent

blade. A weak oblique shock stands in front of the cascade. The

position and strength of these shocks must be determined as part

of the computational solution.

The development of computational procedures suitable for the

solution of this complex flow problem was begun by Oliver and Sparis,

references (12) and (13). These authors used MacCormack's time-

marching method to solve a variety of two and three dimensional

steady transonic flcw problems. They also found a three dimen-

sional solution for the test rotor geometry in the lightly loaded

case. This solution was presented in reference (13). Using as a

base the lightly loaded case, the procedures of reference (13) have

been refined and extended to compute a solution for the highly

loaded "design" case. In the next sections, the basic computational

procedures and the results of the highly loaded calculation will be

described.

3.2 Numerical Procedures

The computational problem is specified by the partial differ-

ential equations, the domain over which the solution is desired and

the boundary conditions to be satisfied. The differential equations

are:
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w

+ v.(pv)
3t

-- 0

and the inviscld momentum equations

DV - i

Dt P

VP

Since shock waves appearing in the flow were expected to be weak,

the energy equation was replaced by an isentropic flow assumption

P/Po = (P/Po)Y

The boundary condition to be satisfied on the blade surfaces

is that the flow be tangent to the blade. The implementation of

this condition is greatly simplified if the problem is solved in a

reference frame rotating with the rotor. This boundary condition

becomes n" Vre I = 0 where n is a unit vector normal to blade and

v is the velocity in the rotating reference frame. The gover-

tel

ning equations are then

+ V- (PVrel) = 0
_t

D Vre i
+ 2_ X Vrel = - i V p + _ X (_ X r)

Dt p

where
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z

These equations when written in matrix form for a cylindrical coor-

dinate system become

__U_U + _F + _G + __H_H= K (3.1)
_t Dr _@ _Z

where

U =

H

rp F =

rou

rpVab s

_Pw

"rpw

rPuW

rPVabsW

r(Pw 2 + p)

m

rpu

r(0u 2 + p

rpUvab s

rPuw

G =

K

-P(Vabs-_r)

Pu (Vabs -f_r)

0Vab s (Vabs -_r) + p

Ow (Vab s-_r)

"0

PVabs + P

-pUVab s

0

The equations are non-dimensionalized using the new variables

0' = _ t' = tc O P' = L = O 'Y

2 Y
Po L 0oC °

The non-dimensional equations are then

_U' + _F' + _G' + SH'

_t' Dr' _@' _Z'

K ! (3.2)
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H ! __--

The

m

r'P'

rVoVu °

r'p'v'
abs

r'p'w'

rtpVw v

rVoVwVu v

r0pWwVv v
abs

r'(p'w'2+ O w_)

Y

F !
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_'P'u'

r'(p'u 'e + p'Y)

Y
rV0Vv v

abs

_'p'w'

G' =

K ! _-

-p'(v' .)
rel

p! ! !(Vrel)U

o'(V'rel)Vabs+
Y

P '(V'rel)W'

p, !2 + O,Y
Vabs

Y

r,pOu'v 'abs

0
m m

_rime superscrzpts will be dropped in all following sections.

The physical flow domain is illustrated by Figure 3.2 which

shows the blade passages as seen by an observer looking radially

inward. Some important geometric features are the blade twist and

the 35 degree slope of the spinner and hub surface. The domain is

bounded at the blade tips by a cylindrical hard wall. By symmetry,

the domain is reduced to the blade passage bounded by the hub and

tip casings and the suction and pressure surfaces of two adjacent

blades.

This domain is transformed to one with a simple shape by a

coordinate stretching which is detailed in reference (13). This

procedure stretches the blade surfaces into untwisted planes and

maps the hub surface onto the z axis. The stretched domain is shown

in Figure 3.3. The equations describing this stretching follow

below:

Z = Z Q = [ e - Ou(r,Z)] AQ

0£(r,Z) - Ou(r,Z)
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r t - rh(Z )

r
t
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where r (Z) = equation describing hub surface

H

r = radius of tip surface

t

O_(r,Z) @ (r,Z) map out the pressure and suction surfaces of'U

the blades

A@ = 2____ ; N = number of blade = 23
N

The physical location of radial and axial coordinate grid lines

are shown in Figure 3.4. There are 67 grid lines in the axial direc-

tion of which 31 are inside the rotor blade passage. There are 16

equally spaced grid lines in the radial direction and 12 equally

spaced grid lines in the azimuthal direction.

The transformation to the stretched coordinate system modifies

the basic equations. The Euler equations in the stretched domain

become

DU + DF DR + DH DR + DF D@ + DG DO + DH DO + _H = K (3.3)

Dt DR _r DR _Z _@ _r _@ _@ _@ _Z _Z

Solutions to these equations were obtained at interior points

using MacCormack's method. A good discussion of this method is

given in reference (12). It is a two-step, explicit, second order

accurate conditionally stable method. This method may be used to

compute solutions to intrinsically unsteady flows or to compute

asymptotically steady flows from initial conditions. Shock waves
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which appear in the flow are resolved as regions of large gradients

spread over 3 to 5 mesh points.

MacCormack's method is used in its split operation form for

efficiency. A typical difference equation would appear as:

= Un - _t A+H(U],k,I )
Uj ,k,l 3 ,k,l _-_

Un+l = _ [Un _j - _tA- H(U_,k,I)]
j,k,l 2 j,k,l + ,k,l 6--Z

(3.4)

The addition of artificial viscosity terms was required to stabilize

the solution along sonic surfaces and near blade leading and trailing

edges. The form of the viscosity terms used is

_+i = _{ [ lujn+l uj I(U_+ n+l nj,k,1 ,k,l- ,k,l j l,k,l - Uj,k,l + Uj,k,I)] (3.5)

2

+ n - u n
[lu j-l,k,l j,k,l 1(Uj-l,k,l

_ Un+l + Un ]}
j ,k,l j ,k,l"

2

3.3 Boundary Conditions

At solid walls the boundary condition for inviscid flow, that

the velocity normal to the wall be zero, must be applied. Adequate

procedures exist for implementing this condition in supersonic flow

and are generally based on the method of characteristics, see refer-

ences (14) and (15). A variety of procedures are available for

purely subsonic flow. For transonic flows, the implementation of
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this condition with second order accuracy is difficult since simpli-

fying assumptions usually cannot be made. Sparis (13) suggested a

method which should be applicable in transonic flows when shock

capturing schemes like MacCormack's method are used. In the next

section this method will be reviewed and the proper equations for

use in a rotating reference frame developed.

In this procedure the governing equations written in a body

centered coordinate system are used to determine normal derivatives

valid at the solid wall. The derivatives are used to evaluate a

fluid state vector at an auxiliary point outside the computational

domain. The fluid state on the boundary is then determined as if

the boundary point were an interior point. The logical position of

the auxiliary point is illustrated below.

auxiliary
point

interior
point

41

"U'j_I

At each point on this surface, an orthogonal curvilinear coor-

dinate system consists of the local surface normal, n, and two curves
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in the surface, N and _. Differential arc lengths along each coor-

dinate line are defined as:

ds = hsd_

dT= h .drl

dn = h d_
n

The _ coordinate line is taken to be a straight line and hn= i

The normal momentum equation in this coordinate system is

_Un + u s DUn + u T SUn + Un 3u n + UnUs 3hn+ u_:u n Bhn

8t h 8_ h 8n h _ h h _ h h 8_
s T n n s T n (3.6)

2s ^ ^ _rel ) -_ u _h s _ u_ _hr = - 1 _p = aq2r(ir'n) - 2_(i z X "n

h h _ h h 8_ 0h n _s n T n

For simplicity the centrifugal and coriolis accelerations are

expressed in terms of the base ( r,8,z ) coordinate system. Since

u=0
n

on the surface, this equation reduces to:

A A

[ U 2 _h UT2 _h _rel ) _2s s + T] = i 3__ + n'[2_(izX - ri r]

h h _ h h _ h _
s n _ n n

Recognizing that I 3h 8hs = i and 1 _ = i are the radii of

h h 3_ R h h _ R
s n s T n T

curvature of the surface along the _ and _ coordinate lines, this

equation becomes
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2 2 A A

1 _p = ___ = ____[Us + __u!] - --__n"[2_(i z X Vrel) - f_2rir]

a 2 _n _n a 2 Rs RT a2

(3.7)

which is one of the desired normal derivatives.

_u 3u
Expressions for s and _ can be determined most easily from

_n _n

the vorticity components. In the body centered coordinate system:

w = 1 [ _(hnUn) - _(hTUT) ]
S

hThn _D _

1 [ -h _uT - u 3hT]
T T

h 3rl 3n
T

= _ [ LI T

R
T

_U

+ T ] (3.8)

3n

Also

= [ Us + _Us ] (3.9)
R- _n

S

For the highly loaded calculation, the flow is irrotational every-

where except downstream of the rotor and the vorticity components

A

are found from _rel = _abs - 2_ = -2_i z

If the fluid motion is not irrotational, the vorticity components

at the wall may be found by integrating Crocco's equation along a

particle path.

D(_Ip) = (_Ip "V)V + I__(VT X VS)

Dt 0



An expression for u n

observing that:

(Un)j+ I = (Un) j + DUn _n +
_n
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at the auxiliary point may be found by

_2u n 6n 2 + _Su n _n s + _(_n _)

_n--2 2 _n _ 3!

(Un)j_ I = (Un) j + DUn 6n +
_n

_2U n 6n z + _3u n 6n s + _9"(6n _)

_n T 2 _n _ 3!

Adding these equations and using the fact that un

_2u n _n 2 + _'(_n _)

(Un)j_ I = (Un)j+ I + _n-_-f--

= 0 yields :

As Sparis (13) pointed out, a second order accurate value of (Un)j_ I

_2u
n can be evaluated with first order accuracy.can be found if---_

_2 u

An expression for n
an-TT

can be found from the continuity equation

$_iL+ 1

3t h hh
S n %

[ ___(hThnUsP) + ___(hshnUTO ) + ____(hshTUnO)] = 0

which reduces to

+ ____(Ou s) + 0Us+ ____(OuT) + 0u___T_T+ ____(0u n)

_t _s _ _T R _n

= o

_h ?h
After taking ___ and defining i T = i__ and i s=

_n h h _ R_ h h _ RsT sT T

_2U _2 (0U s) 2 2 [(0U s)0__ n + 30 __DUn = - _ - - (OUT) - $ + (OUT)] (3.i0)

_n 2 Sn Sn 3nSt 8s3n _T Sn Sn R_ Rrl
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_2 u
n can always be evaluated with first order accuracy by using

one-sided time and normal derivatives. For transonic irrotational

flow, all terms in this equation are at most the order of Mrel, see
R

+ (_n 2) + (_n 4)

R
equations 3.7 and 3.8. Then (Un)j_ 1 = -(Un)j+ 1

When the surface characteristic radius of curvature is large,

(Un)j_ 1 = (Un)j+ 1 will be a second order accurate approximation.

For the thin, circular arc blades used for the test rotor, the

approximation is adequate. These equations complete the relations

needed to implement the solid-wall boundary conditions.

The upstream and downstream boundary conditions are among the

most important conditions determining the solution. They, along

with the initial conditions, determine if a steady or unsteady solu-

tion is reached, the rotor pressure rise and the mass flow rate.

Unfortunately, the nature and number of conditions necessary for a

well posed problem is not known for sets of non-linear equations of

mixed type. We must therefore be guided by experience and intuition

in formulating these conditions for practical calculations.

Boundary conditions used in the highly loaded blade case were

derived using the following model. As can be seen from Figure 3.4,

the upstream and downstream boundaries are rather far from the rotor,

about 3 chord lengths. It would be expected that at these locations

the flow could be represented as a base flow with a superimposed

perturbation.

= V (t,r,z) + _'(t,r,_,z) v'/V << i
o o
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p = Po(t,r,z) + p'(t,r,@,z) P'/Po <<i

where the base flow is independent of the azimuthal coordinate.

For this case, the equations describing the base flow are

DV 0 = - VPo and DPo + (PoVo) = 0

Dt Po Dt

Using as a coordinate system the modified cylindrical coor-

dinate system shown below, the equation of motion may be written in

terms of the tangential velocity and the meridional velocity,

A A

= V i + V i
m r r z z

The equations of motion written in a general orthogonal curvi-

linear coordinate system are

D__@_O+ i [____(hmhePu n) +___(hnhepu m) +____(hnhmPUe)]

Dt hmhnh O Dn Dm DO

= 0

Du u _u u6 _Un u u Dh UnUO _h_Un + Un n + m n + + n m n + n

Dt h Sn h Dm h O DO h h Dm hnh O DOn m n m

2 _h Ou Dh u_
- m m- = - i _p

hnhm Sn hnh O Dn Phn _n

_u O + un _u O

Dt h Dn
n

+ u m Du o + u O Duo + uOu m _h O + uOu n Dh O

h _m h O DO hoh m _m hoh n Dn
m

u 2 _h u 2 Dh
- m m- n n =- l_!__P

hmh O DO hnh O DO oh O DO

Du m + un _Um+U m Du u O Du m u u Dh UmU O Dhm + + m n m + m

h Dn h Dm h O DO h h Dn hh@m D@Dt
n m m n

(3.11)
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2 2

u o 3h 0 u 3h
n n= 1 _p

hmh 0 _m hnh o Dm Ohm 3m

Since un 0, by definition and = 0 by assumption, these

equations reduce for the base flow to,

Du u _h u_ 3ho = _ __m m m 1 _p

Dt + h Dm hmh e Dm Ph Dmm m

_P+ i
Dt h

m

D(PUm) i D(hnhe)

D----m---+ PUm[ hnhmh 0 Dm

3u o um Du o UoU m Dh 0
--+ +
Dt hm Dm hmh O Dm

] = 0

= 0

2 2 Dh 0
u Dh
m m uO = _____l_p

hm nh n hnh Dn ohn Dn

The first two equations may be rewritten in characteristic

form using the isentropic relation dp = a2dp

Du u Du u_ Dh 0
m+ m m 1 _p= ( )

Dt hm Dm + p--h--mDm hmh @

u Du au D(hOhn)
i _p+ m _p+ a m m

Pa Dt pahm Dm hm Dm - hnhmh _ Dm

Adding and subtracting these equations yields

Du _u

m + 1 _p ] + 1 m + a) i _p ]
[ Dt - P-_ Dt h-- [(Um -+ a) _ + (um _ P-_ Dm

m

aum D(h0hn)

$ hnhmh @ Dm

2

u 0 _h 0

hmh e Dm

(3.12)

(3.13)
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or

D+j+ =
Dt
where

j+ =

2 Dh O au
uo - m _ (hoh n)

hmh O _m hmhoh n _m

(3.14)

_ _ 2 _h 0 au
D J = u_ + m _ (hoh n)

Dt hmh @ _m hm,h_hn _m

where

J- = u - 2 a

m y_---[

The third equation is already in characteristic form.

Du O = _ uOu m _h o

Dt hoh m bm

(3.15)

These characteristic equations are identical in form to the one

dimensional unsteady flow equations.

For transonic compressor rotors the meridional Mach number is

less than one at the upstream and downstream boundaries. In this

+

case information flows to a point along the downstream running J

and convective characteristics and along the upstream running J

characteristic. If a point lies on the upstream computational

+
boundary, the J characteristic value may be specified as well as

the swirl velocity, u0 . If a point lies on the downstream computa-

tional boundary, the J- characteristic value may be specified.

For the highly loaded calculation, an inlet reservoir condi-

+
tion, corresponding to a J value, and an inlet swirl velocity of

zero were specified. At the exit boundary, the static pressure was
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specified The curvature term, i _ho• was assumedto be small as

hmh_ _m
would be the case if the physical domainwere imagined to be

extended several diameters with constant radii both upstream and

downstream. This choice was madeto model the experimental situa-

tion and for convenience, but more general geometries could be

utilized.

These boundary conditions are equivalent to the physical

constraints imposedwhen a compressor is tested. Inlet or reser-

voir conditions are specified, usually atmospheric stagnation condi-

tions, and the inlet swirl velocity is zero• Downstreamof the

compressor, somethrottling device is used to determine the

compressor operating point. A particular operating point is deter-

mined by the intersection of the compressor characteristic and the

throttle characteristic. The operation of this device could be

simulated by specifying either the compressor static pressure ratio

or the mass flow. It is computationally somewhateasier to specify

the rotor static pressure ratio.

No attempt was made to calculate the actual flow at the

throttle, and hence account for the effect of disturbances there.

Sucha calculation, especially in the strongly rotating flow down-

stream of the rotor, is potentially as difficult as the through-flow

calculation itself. This simplification does imply someinconsis-

tencies at the boundaries. In particular, at the upstream boundary

the transmission of acoustic disturbances is falsified; at the

downstreamboundary vorticity convection is distorted. The acoustic
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disturbances carry very little energy and their falsification can

have very little influence on the flow over the rotor. The rotor

mass flow for the solution to be presented was determined not by

the accumulated action of acoustic waves but by the action of a few

nearly plane waves of finite amplitude. Whenthe downstreampertur-

bations are not calculated, the effective model of the flow beyond

the downstreamcomputational boundary is one which is axisymmetric

and uniform in the streamwise direction. Such a flow can have no

radial vorticity and is potentially inconsistent with the blade

flow solution if that solution requires a significant amount of

radial vorticity to be present at the computational boundary. For

the present solution, this inconsistency does not appear to be

important even though someradial vorticity is shed by the rotor.

This vorticity is considerably modified by the cumulative action of

the artificial viscosity terms and the inherent dissipation and

dispersion of the numerical scheme. Resolution of radial vorticity

is further degraded by the increased spacing between axial grid

points as the downstreamboundary is approached. In future calcula-

tions, the importance of the artificial viscosity terms should be

reduced by an order of magnitude or more. Whenthis occurs, the

present model should be reconsidered.

An auxiliary observation to be madeat this point about equa-

tions (3.12) is that the addition of blade force terms would not

alter their hyperbolic nature. Such a set of equations offers a

different method of solution for axisymmetric through-flow problems.
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Somedistinct advantages may stem from its hyperbolic nature when

the meridional Machnumberapproaches or exceeds one.

Limitations of computation time and storage prevent detailed

flow resolution near blunt leading and trailing edges. These points

are dealt with by the expedient of placing them between grid points,

or considering the edges to be infinitely thin. The Kutta condition

is imposedat the trailing edge by requiring that the suction and

pressure surface flow angles, in a plane normal to the blade axis,

and pressure be equal at the last grid point on the blade. This

procedure allows a slip surface to form in a plane tangent to the

trailing edge. The movementof this surface is not explicitly

followed in the calculation.

3.4 Results of Numerical Calculation

The solution for the highly loaded case was computed using

the IBM 370/168 computer available at the Information Processing

Center at Massachusetts Institute of Technology and the IBM 360/67

Time Sharing System at the NASA Lewis Research Center at Cleveland,

Ohio. The number of grid points necessary for a three dimensional

problem, about 13,000 for this solution, means that a large amount

of computer time is required to achieve a converged solution.

Because of the large expenditure of CPU time involved, this calcu-

lation was terminated when the solution was further from steady

state than would normally be desired. A residual unsteadiness of

5 percent is present at some points in the domain, but major features

of the solution like rotor total pressure ratio and shock wave
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strengths have been stable for over 80 time steps.

The computedrotor total pressure ratio, mass averaged, is

1.82 comparedto 1.68 for the isentropic design case. The computed

average inlet Machnumber is 0.46 while the design case has an inlet

Machnumber of 0.50. The radial variation in the _ averaged total

and static pressure ratios at the rotor exit is illustrated in Figure

3.5. This figure shows that the computedtotal pressure ratio varies

from a minimumvalue of 1.52 at the hub radius to approximately 1.85

at midspan. From this point out to the tip, the pressure ratio

oscillates around a value of about 1.88. The design pressure ratio

is constant at a value of 1.68. A minimumstatic pressure ratio of

1.07 occurs at the hub radius and the pressure ratio rises to a

maximumvalue of 1.40 near the tip radius.

Figure 3.6 shows the variation with radius of the inlet air

angle, in the relative reference frame, and the incidence angle.

Over the outer portion of the blade span, the incidence angle is

nearly equal to the design values. Over the inner portion of the

blade span, the incidence angles are muchhigher than the design

values; the additional incidence reaching 12.5 degrees at the hub

radius. In later sections the effect of these large angles of

attack on the rotor through-flow will be clearly seen.

The rotor exit air angles and the deviation angles are shown

in Figure 3.7 for the design and the computational cases. The

design exit angles are taken from the correlations of reference (8)

for double and multiple circular arc blades. The agreement between
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the predicted angles and angles from the correlations is quite good

over the entire span. The maximumdifference is about two degrees.

The maximumdeviation from the blade metal angles can also be seen

to be only two or three degrees across most of the blade span. At

the hub radius the blade camber is quite large, as is normally the

case with free vortex blading, and the deviation increases accor-

dingly.

Figure 3.8 comparesthe computedaxial and pitchwise Mach

numbervariation with radius at the rotor exit to the design values.

The computedaxial Machnumber is close to the design value of 0.46

over the whole span. This figure also shows that the computed

pitchwise Machnumber is higher than the design values over the

entire span. The design intent was to produce a free vortex outflow,

and the computedoutflow approximates a free vortex from r/r = 0.75
t

to the tip radius. Near the hub radius the computedpitchwise Mach

number is constant rather than decreasing like i/r.

Contour plots of the relative coordinate system Machnumber

are shown in Figures 3.9 through 3.12. These plots are for compu-

tational blade-to-blade surfaces at the blade tip radius, the hub

radius and at two intermediate radii. Figure 3.9 indicates that a

strong passage shock exists at the tip radius and that it is nearly

normal to the flow. A weak oblique shock stands in front of the

cascade. The particular numerical method used is of the shock cap-

turing type which meansthat shock waves are resolved as local areas

of high gradients spread over several meshpoints. The approximate
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location of the computed shocks is shown as dashed lines in the

figures. For the passage shock, this dashed line follows the Mach

number equal 1.0 contour which is at about the midpoint of this

shock. The importance of the entrance region geometry is indicated

by the expansion of the flow up to a Mach number of 1.7 on the

suction surface. Resolution of the oblique shock is poor because

of the relative coarseness of the finite difference grid in the

upstream region. The overall flow appears qualitatively the same

as the two dimensional flow illustrated by Figure 3.1. In Figures

3.10 and 3.11, the passage shock can be seen to weaken and move

forward relative to the blades as the radius decreases. The bow

shock in front of the cascade weakens and then disappears. Figure

3.12 shows the Mach number contours along the hub surface. In this

figure the effect of the large angle of attack on this blade section

can be seen. A patch of supersonic flow appears on the suction

surface in an otherwise subsonic flow as a result of the large flow

turning around the blade leading edge. A sharp recompression termi-

nates the supersonic patch and extends across the blade passage.

Plots of the pressure coefficient, Cp=(P-Pi)/½Oiu_ , along

these same computational blade to blade surfaces are shown in

Figures 3.13 through 3.16. The subscript "i" here refers to rotor

passage inlet conditions. These figures illustrate that the blade

loading is very high especially at the hub radius, Figure 3.16.

Here the ACp from the minimum pressure point to the rotor exit is

1.42. This pressure rise is near the maximum that a two dimensional
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turbulent boundary layer can be expected to traverse,(Pexit- Pmin )

/½ (0U2)at p is 0.81. The blade loading decreases
min

as the radius increases, ACp is only 0.59 at the tip radius.

However, the passage shock is probably strong enough to separate

the suction surface boundary layer. The absence of a leading edge

stagnation point is due to the relative coarseness of the finite-dif-

ference grid at the leading and trailing edges.

The flow field as illustrated by these eight figures appears

qualitatively as might be expected if the flow were quasi-two dimen-

sional. One illustration, however, that this flow is in fact

strongly three dimensional is shown in Figure 3.17. This figure

shows the position of three computed blade-to-blade stream surfaces,

which are normally called SI surfaces. The coordinates of these

surfaces were determined by integration along the fluid particle

paths, through a constant inlet radius line. The projected view of

these surfaces is the one which would be seen by an observer facing

directly downstream. Near the tip radius these surfaces approximate

a surface of revolution; however, at smaller radii they cannot be

approximated as surfaces of revolution. The middle stream surface

in Figure 3.17 has an inlet radius ratio of 0.772. At the rotor

exit, the streamline on the blade suction surface has a radius ratio

of 0.80; while the streamline on the blade pressure surface has an

exit radius ratio of 0.85. The radial displacement of the two

streamlines is 16 percent of the blade height. At a slightly lower

radius, the displacement in streamlines is at its maximum value of
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20 percent. The warpage or streamline radial displacement is one

manifestation of the streamwise vorticity being shed by the rotor

blade. The necessity for a shed vortex sheet near the hub radius

is shown by Figure 3.8, where it can be seen that the average outlet

pitchwise velocity approximates a free vortex only over the outer

portion of the blade span. The very intricate nature of the flow

kinematics is illustrated by the SI surface nearest the hub. Along

the blade suction surface the flow is converging in the radial direc-

tion while the streamlines are diverging in the azimuthal direction.

The reverse situation is occurring on the pressure surface.

Stream surfaces with a different orientation, normally called

$2 surfaces, are shown in Figure 3.18. These surfaces are deter-

mined by fluid particles which initially lie on a radial line. The

$2 surfaces shown have upstream positions near the blade pressure

surface, at mid-gap, and near the blade suction surfaces. The

angular distance between these surfaces has been exaggerated to

allow each surface to be seen but otherwise they are to the same

scale and viewed as Figure 3.17. This figure shows, perhaps more

clearly than Figure 3.17, the blade to blade and hub to tip varia-

tion in streamline shape imposed by the free vortex blading.

The flow field illustrated in this chapter seems to be a

reasonable and realistic inviscid flow solution for a highly loaded

transonic compressor rotor. While this solution could be improved

by continued iteration to reduce unsteadiness and by increased grid

resolution at blade leading edges, incorporating even a first order
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boundary layer growth and separation prediction would seem to be a

more important step. In the next chapter, this solution will be

compared to experimental measurements made at the rotor design

point.
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CHAPTERIV

COMPARISON OF RESULTS AND DISCUSSION

4.1 Comparison of Inviscid Solution to Intra-Blade

Density Measurements

An unique visualization study of the flow through the test

rotor has been reported by Epstein (3). He was able to visualize

the instantaneous static density field using a flourescent gas, 2, 3

butanedione, as a tracer. In this technique, the flow is illuminated

along a plane using a dye laser. The laser produces a 0.3 micro-

second pulse centered at a wavelength of 425 nm. Illumination at

-8

this wavelength causes the tracer gas to fluoresce, within I0

seconds. The intensity of the fluorescent emission, when photo-

graphically recorded, indicates the density variation in the illu-

minated plane. Quantitative density maps are obtained by correcting

the images for distortion and non-linearities in the illumination

and imaging systems. All the visualized density maps shown in this

chapter are reproduced from reference (3).

Figure 4.1 shows the radial positions of the seven planes for

which density maps were obtained. The visualized density in the

outermost plane, radius ratio of 0.88, is shown in Figure 4.2. In

this and subsequent fully corrected contour maps, the contour inter-

val is approximately i0 percent and the upstream density is specified

to be 1.0. The computed density contour map on this same plane is

shown in Figure 4.3. The contour interval for this map is 5 percent.

This figure shows that the flow expansion on the blade suction
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surface is accurately predicted both in magnitude and shape. The

flow expands to a density of about 90 percent of the upstream den-

sity at a point midway between the leading edge and the passage

shock. The spatial resolution of the passage shock is of course

much finer in the optical density measurements,but the shock

strength is the samein both cases, density ratio of 1.35, and the

shock falls nearly at the blade maximumthickness point. The flow

visualization also shows the passage shock to terminate in a lambda

shock formation typical of a laminar shock-boundary layer inter-

action. It appears that the shock does separate the boundary layer

as would be expected for a shock of this strength. A density ratio

of about i.i is predicted for the oblique shock standing in front

of the rotor while the measuredvalue is 1.2. The flow visualiza-

tion also shows the shock to be detached. The computedshock

strength is correct for an attached oblique shock. For example, at

a radius ratio of 0.88, the upstream Machnumber is 1.3 and the

required turning to align the flow with the suction surface is 3.5

degrees. According to the Rankine-Hugoniot relations, this shock

should be attached and have a density ratio of i.i. The computed

density ratio is I.i. However, a small decrease in the upstream

Machnumberwould require that the shock be detached as it is in

the visualization photographs.

The visualized and computeddensities at a radius ratio of

0.83 are shown in Figures 4.4 and 4.5. The visualized flow appears

much the sameas at the previous radius except for the low density
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"bubble" at the foot of the passage shock. A possible explanation

for this "bubble" is that it is the core of a strong vortex formed

by the vorticity from the outer region of the blade turning down-

stream around the separation region. Away from this "bubble" the

computedflow seemsto accurately model the visualized flow.

Experimental and computeddensities in the r/rt = 0.80 plane

are shown in Figures 4.6 and 4.7. This plane is at a slightly

larger radius than the design sonic cylinder. The passage shock

remains quite strong in both cases, density ratio of 1.3, and the

flow expands on the suction surface to a density nearly equal to

the upstream density. The measuredstrength of the oblique shock

is large, density ratio of 1.25; while, the computed shock strength

is again smaller, about 1.05. No evidence of boundary layer separa-

tion is found at this radius, and the match between the computedand

experimental densities is best at this radius. The important three

dimensional nature of this flow is illustrated by the fact that the

suction surface expansion does not continue from the blade leading

edge up to the passage shock as it would if the flow were two dimen-

sional. The predicted minimumdensity point generally occurs about

midwaybetween the leading edge and the passage shock. The experi-

mental minimumdensity also occurs in this samearea although this

fact is not clear from Figure 4.6.

At a radius ratio of 0.70, Figures 4.8 and 4.9, the character

of the flow has markedly changed. In the visualized flow the bow

shock has been replaced by a diffuse compression region. Computed
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Machnumber contours in the entrance region are closely approximated

by Machnumbercontours along the computational blade to blade

surface shown in Figure 3.11. The computedflow expands to a density

ratio of 0.80, relative to the upstream flow, at about the 35 percent

chord point as does the visualized flow. In both cases, the density

rise across the blade passage is 1.3.

The density fields are comparedat a radius ratio of 0.65 in

Figures 4.10 and 4.11. This radius is the smallest for which exper-

imental measurementsare available; unfortunately, muchof the blade

passage is obscured by the blade shadow. ComputedMachnumbers are

subsonic on this plane except for a supersonic patch at the minimum

density point. This point occurs somewhatfurther downstreamof

its experimental position but otherwise the two density mapscompare

well.

These comparisons between the visualized and computeddensities

demonstrate that the inviscid computation accurately predicts the

intra-blade density field upstream from obvious viscous phenomena

like the passage shock-boundary layer interaction. The only impor-

tant difference is the consistent under prediction of the oblique

shock strength.

To determine if this difference is due to insufficient grid

resolution, the difference in rotor total pressure ratio, or some

other explanation such as an unstarted rotor passagewill require

further work.
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4.2 Comparison of Inviscid Solution to Exit Flow

Measurements

The average performance of the test rotor was predicted well

within the limitations of inviscid flow analysis. Radial profiles

of the computed and experimental total and static pressure ratio,

theta averaged, are shown in Figure 4.12. This figure shows that

the average profile is accurately predicted even though the

computed total pressure ratio is higher than the experimental value.

The computed total pressure ratio, mass averaged, is 1.85; the

experimental value is 1.64. Contour maps of the total and static

pressures in a r-_ plane immediately downstream of the rotor are

shown in Figures 4.13 and 4.14. Small deviations from periodicity

with blade spacing in these maps are artifacts from the contour

plotting routine. Except for the spikes in total pressure at

r/r = 0.86 and 0.91, important blade to blade variations occur only

t

around r/r = 0.80. Figures 2.24 and 2.25 are the experimental

t

pressure maps for the same axial station. The basic radial gradients

in both of these maps are predicted accurately, but local details

particularly near the blade wakes are not predicted well. One

unusual feature of the flow, the spikes in total pressure, does

appear to have an inviscid origin since they appear in both experi-

mental and computed pressure maps.

The computed average flow angles in the relative reference

frame are compared to the experimental angles in Figure 4.15. For

r/r < 0.90 the predicted angles are generally one to two degrees

t
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lower than the measuredvalues. At larger r/r the predicted values

t
are generally 6 to 7 degrees lower than the measuredvalues. Both

the time resolved pressure measurementsand the gas density measure-

ments indicate that an unsteady boundary layer separation is

occurring at these radii.

Figure 4.16 shows the pitchwise variation of the computed

velocity componentsat a radius ratio of 0.75. Figures 2.14 and

2.15 show the time resolved Machnumber componentsat a comparable

location. In Figure 2.14, areas of low axial Machnumberare the

viscous blade wakes. Thesewakes also have an excess of pitchwise

Machnumber. Betweenthese wakes the structure of the velocity

field is reasonably well predicted by the inviscid computation.

In particular, the computedradial velocity has a large outward

componentat the pressure surface. The measuredradial velocity,

Figure 2.15, also has a large outward componentat the edge of the

pressure side of the wake. Across the wake, its radial Machnumber

decreases by 0.20 to 0.25 which meansthat a large cross flow

velocity exists inside the wake. Pitchwise and axial Machnumbers

between the wakes are generally consistent with Figure 4.16. The

time resolved flow from the hub to a radius ratio of about 0.80 is

similar to the flow shown in Figures 2.14 and 2.15.

Predicted velocities at a radius ratio of 0.86 are shown in

Figure 4.17. These velocities are similar to those for r/r = 0.75
t

except for a smaller jump in radial velocity. Figures 4.18 and

4.19 show the time resolved Machnumber componentsat a radius ratio
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of 0.845. Wakesat this radius are not as sharply defined as at

lower radii, and the first wake shownappears to be shed from a

badly stalled blade. Away from the stalled blade, the inviscid

core flow is generally consistent with the predicted velocities

although the agreement is poorer than at an r/r of 0.74.
t

Increasing flow unsteadiness appears as the radius ratio increases

to 0.87, Figures 2.18 and 2.19. Blades at this radius appear

either to be badly stalled or to shed no easily defined wake. The

inviscid computation does not seemto model any portion of the flow

accurately. As the radius increases further, the time resolved flow

remains unsteady, and the agreementwith the predicted velocities

remains generally poor.

Average computedand experimental exit Machnumberprofiles

are compared in Figure 4.20. The computedpitchwise Machnumber

profile has nearly the sameshape and slope as the experimental

profile except at the tip radius, but is at a higher level which

reflects the higher computedpressure ratio. At a radius ratio of

0.95, the experimental profile rises steeply. The axial Machnumber

profiles differ substantially over the whole span. Much of the

difference in axial Machnumberat the hub is due simply to the

effect of wake blockage. A simple integration over the measured

wake profile yields a total wake displacement thickness which is

approximately 15 percent of the blade spacing. Accounting for this

amount of blockage in a one dimensional mannerwould bring the com-

puted axial Machnumbernear the hub from 0.42 up to 0.55; the



-65-
measuredvalue at this location is 0.62. If the relative coordinate

system turning remained the same, this change in axial Machnumber

would bring the computedpitchwise Machnumberdown to 0.47 from

0.53; the measuredvalue at this location is 0.43. Even though

these changes represent only a lowest order correction to the

computedsolution, it seemsclear that accounting for the blade

boundary layer growth in even a simple mannerwould greatly improve

the accuracy of the predicted average performance.

The experimentally observed decrease in axial velocity and

increase in pitchwise velocity at the tip radius are results which

have often been reported for single and multiple stage compressors

(16, 17, 18). These profiles are generally agreed to result from

the existence of an annulus wall boundary layer. However, for the

test rotor this explanation requires that the tip boundary layer

grow to a thickness which is approximately I0 percent of the blade

span across the rotor. Such a growth rate is several times faster

than that predicted by the best calculation procedures (18, 19).

Thesemethods do not consider that for the test rotor the tip boun-

dary layer must cross both branches of the bow shock which could

cause rapid boundary layer growth. The experimental flow is further

complicated by the fact that in the outer portion of the annulus

blade wakes have a large pitchwise velocity and a large outward

radial velocity. These wakes which also have low axial velocity

tend to accumulate at the tip radius. The importance of these wakes

and the wall boundary layer is illustrated by the experimental total
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temperature map immediately downstreamof the rotor, Figure 2.30.

An area of high temperature, low axial velocity fluid has collected

near the tip on the pressure side of the wake. This fluid is pro-

bably accumulated both by cross-flow in the wall boundary layer and

by convection of the blade wakes. At the measurementplane one

chord downstream, this fluid on the pressure side of the wake seems

to have becomethe center of a major loss area, see Figure 2.33

which is an entropy rise map.

While the inviscid calculation provides a realistic base flow

solution and someinsight into the details of the flow downstream

of the rotor, this exit flow is dominated to a large extent by the

wakes and the wall boundary layers. A significant improvement in

the computedaverage performance can be achieved by incorporating

even simple boundary layer models, but a complete understanding of

the downstreamflow will require detailed consideration of the wakes

and the wall boundary layer.
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CHAPTER V

CONCLUSIONS AND DISCUSSION

A comprehensive investigation of the flow field produced by

an isolated transonic compressor rotor has been completed. This

study included time resolved flow measurements at two axial loca-

tions downstream of the rotor and a numerical computation of the

three dimensional inviscid through-flow. Spatial and temporal

resolution achieved was sufficient to determine velocity compo-

nents and pressures inside individual blade wakes and in the

surrounding flow. These measurements showed that the exit flow

could be separated into an inviscid core flow plus a wake only in

the inner half of the annulus. In the outer half of the annulus,

the exit flow was unsteady in the relative reference frame because

of an interaction with a cellular flow pattern established in the

downstream annulus by the shear disturbances themselves. Where an

inviscid core flow existed, its details were consistent with the

through-flow solution, but significant interaction between the core

flow and the wakes occurs. Where boundary layer separation and

unsteadiness were important flow features, the inviscid through-flow

solution did not accurately predict flow details, but the rotor

average performance was predicted well within the limitations of an

inviscid analysis. The accuracy of the predicted average perfor-

mance could be greatly improved by accounting for wake blockage.

Comparisons between the computed through-flow and a set of intra-

blade density measurements showed that the computed solutions
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accurately predicted the density field inside the rotor blade

passage even though the viscous phenomenon have an important

influence on the exit flow.

The three dimensional inviscid computation has considerable

potential as a compressor design and development tool, especially

when coupled with an accurate boundary layer solution, even though

each solution requires a large amount of computer time. It is

estimated that a converged solution for a new rotor geometry will

require about 25 hours of CPU time on an IBM 370/168. Such an

expenditure, while inappropriate for preliminary design studies,

can be easily justified for evaluation and improvement of final

designs. In addition when computations of this type are coupled

with high resolution experimental measurements these computations

are a powerful tool for understanding the flows encountered in

existing compressors.
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Design Parameters for Each Design Streamsurface
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M t 0.60 0.72 0.84 0.96 1.08 1.2
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Figure 2.3





-75-

r,,.

,.o

u3

0

0

Qj c,_
E

|
|
!

0

0

\

\

\

QJ

,rt

0

0

r_
CJ
0._

r_

"H 0

0

0

0

rn _J

[-_ 0

0
0

_:_ .,.._

•,-_ t_

,-'4 _





-76-

6>
, U

8 j

)

i

)J

J
T
i

I

I

Sketch of Four-Diaphragm Probe Showing

Air Angle Definitions

O

-,4

> =
0

I,d ,-4

Figure 2.5





-77-

PI-Ps
P -p

t s

-15 -I0 -5

1.0

0.8

0.7

5 I0 15
8.degrees

Four-Diaphragm Probe Calibration

.Pressure Recovery for Diaphragm 1
Figure 2.6





-78-

P3-Ps

Pt-Ps

0.8

! !

-!O -5 5 iO

e-degrees

-0.2

5our-Dlaphragm Probe Calibration

9ressure Recovery for Diaphragm 3 Figure 2.7





-79-

P4-Ps

I Pt-P
0.8 s

o.o| 0.o_

-15 -I0 -5 5 i0 15

. degrees

Four-Diaphragm Probe Calibration

Pressure Recovery for Diaphra;-m 4

Fig17"e 2.8





-80-

P2

P3

P4

guess total

pre

guess newI_ no

total [_

pressure [

initial static

pressure guess

total pressure '_

iteration converged I

l yes

calculate H,Hx,M_,MOI

Flow Chart for Four-Diaphragm Probe

Data Reduction

Figure 2.9





-81-

o





-82-

Scale Drawing of Miniature

Stagnation Pressure Probe

0.065 inches

kulite diaphragm

thickness I

0.002 inches

--,I

stagnation

cavity

Figure 2.11





t
I

C

,.-I

0

C
c_

u_

•H I.i 0

,ILl _,J

_"_ _ I
I:_ u,.t _,1

0 _I D
cl D

$4 4..I
t_

O

O ',,J

O

4.1

_C_ ",_ 0
.,_ _ _u_

0 0

,-I 0_

0 .lu _J

-83-

C
0

4-1

m,.-I
co

cJ

l_,cu

u

u

I

"_ 4J

I,

I
I

,--I

c_ O

0
O 0

_.1 0 0

u_ c_

cJ 0

cJ t_ m

_ 0 c_

• °_-t 4-1 I

L ¢_,1
I----I I,. _._'l

4..I °

0

C_

\

0
o_
0
o O

•_ 0 _-
.._

I _

0 h

,-I

GI
I.-i

O
.,-_
U)

0

_J 0

0
0"I'4

O_D

C

O_
t_

0 _1
0 01

_-I 0 Ol
I I: u;

_"_i

,--4,'-4





,-.--4

CT

t..,_ r.._-
.,c_.__

7_

L,__ C3

,.-.--., CZ3
t-- C.C._
C]- C"O _
'.-..- O0 _-_.
Cry, r'_ c..D

C..3 C____._1
Z C._
,%T '--1

1t X

CT t---
F,-- r_,.__.---....,
C.D_
_.-- r_,_ CD

r,,-i
0

o o
.,_
4.a,t_

0

o b,9

¢_e-t

m

E_

K
0 ¢)
_qg

-84-

____.. _- _-

.F. F , ._.
:,:. -F

-:- + :t- +-:-

.t.. "F" '

:,c.t_

-F "._.

' _.._

, ;_,.'

:__ ,..F-I-' ' "'

.... 7":

.: .,-_:i "-_-'-_ .,:..
_,:: ": ...

%_.. •

,t:.:f "

•,_,, % ,.

0,_. ".

•°_.. -

,. FI ''_- .',-","

..... I- -- .I--
-I-:f"

-k'F F+'F F F

' _1_

"_ c.'-
._).. FF""

:_..,.. ,

":1- _.__

! ' .i1-

.- 4'..]':"

..- 4 ":': ":

•.-q;,

I ! -- I

.i-

t..lh

C..D

C-.7

P,j
o

- _._.,

C_;

C.,7

-C'7

C-...;

-ca C.3

EC_
I1,'

_CL.

°

-c,_ C_D
Z

0"3
c_ Cl":
'=_ ,C.L_

__g
c..s:32

-d

C:)

C..;

_c.._

,'.-I

I.-i

]UR_S]_d 3]lbJS 3URS_]Ud 7biB'





Z

_-- F--

L_] rf-

t---

_D
[Z

L__
C_]

L_

6_

D

I

_J

X

C__

o

O_D
b0

t..)
o_0
,.-I

,,-4

E_
,_14a

O @

-85-

/

%-
.t. . ",

'÷_+ +

+ _.., ¢ +

.L

t L-,"
"-'4!"

_'i?
' C," "F

•}-'_L

"F

-F F

"_ .I.

.i}

4_.i. "F
_ - _"X.,_---

i !

OL "D gh "D

._i_ _'

,:,_, ,.----

-2 ,';, ""

4_H

I F

O_'0 0£'0

•o.,*

-,..: ,;

• %,"
• "..r. -

L?G"0

.__.: ":: _

_J

L.'3

C_.;
CO

I
,.._,

r'.j

. - 6,"b
("_

PC
LID

-r'J_
Z

Up
u3

_--_CE

L_

C£
__1

C.3

,-4

c,4

I,...i
;::1

_._





-86-
_J

L.O

r,,r-

t.---

L:_

S]_NAN _3b_ q_IOSu





-87-

_+
..%-

.,,.._ __. ++'-'+__ -- --

• -c ..._o

• _,. -,+

++
, -+_"

-25]'

..y,

._+ •

/'+I +
' .- /,:jo

+---';- ,1+._ 4"

Z++)
_,.+-

"CL:.

++&2+
_.::.-, --

' "'" -i- + -'r .;_- "i-

I

OS I

\

¢. 4. "

r+_+

1'9+
.--,,,q+ ,4,-- --,-'

-,=._

-_,_.'
+ .+-,

49-, ° ,

+;..:--
,++

__+-'

+
:C

'-++_- -- .

_t++.
::_

. _ °,_o

_;+)(

+_"+" ' I

-S

3_nsg3+a 3]1bj5 3_NSS3_J 761[+





o

o

o
o _0

B_

0

/

!

O0 "08

-88-
_J

_c





Z

L_

Z

_L

s--

L_;O

&COO

L'].3 0

71 ;I

Zl---
(__) r_-
QI-_
_C.C

I--

[.L

Z
CC

CE

Z
7£
_E3
C3

L3

_..O
CZ

X
EI:

ED

0

-89-

. l.t
..',-:}

, o

Z':
,_{

.'T.:

"<:::..

.- -: ,! .] -,

":-! ,:.,

".-,_j|

:i< .
-._ ,_.___ _

__,_

_-

<:%

OL "0 8_ "_3 8T

" O0
---_ ,--I

.-- o1_

":T

(-.9

C_9

°CL_

c0<i9
Z

¢-_ <_i'i_
-mE] _

<I
_.J

C)

O

C_





-90- r- _,"J

C_

Z

Z
O

L_)CD

Z ;I

ZE_-
C_58E

ClZ

LL

CK
L_J

Z

C8

I
U

_J
8[

><
CZ

O

O

O

®,_'4

O @

/

.x_x _ _ o,
XX . ." "

._. t-- - _

[Z7

\





0

0
e- 0 Aa
0 _ 0

0 -_
AJ

u_ 0
0 _ _.._

A.J AJ

aqo._,I uag_z t!d)_ TfI--_ no:I

-91-

I
°

-- )

aqo._ duo T:le u_._e _lS

0

,4

0

!

0

C_
e'q

e'q

0

O0

L9





IF-
e[D
I--
ED

CZ-
C/)
(_ I..
,----,C)

F---

C1-

n- C]E
LLJ

LO C_
CIZ _--

CO
_-- Z

CIE CD
L_' C]
CL

LO C-q
_-- 02

ODE)
CO Cr_ -r-
Z r"- C_)
CZ -

CD__
LO CE

_ IIX
OF) C[
CrSF--
LLJOZ _

O_ n- C9

!

\
_-.+.+





{0

0
.,.4

t_

t_
¢.J QJ

0

_J

,-..4

_0 ,0.,J

-93-

0

m

C_

J

0

,LI

0 0 a)
I_. I_, I.-I

ON L

0

° S
0

C3

| !

N _

OT_e _ e_n_edme_ T_ol

0

0

0

0

0

0
0

0 0

OOI

0

]

, !

oT:le_l e._nsse._d l_ol

0

°_
0_

_0

0
0

,=.4

0

_0

c_4
oJ





,'4
-14

O

_J
¢I

Z

U

"0

O0

m

l..J ,i.i .T.t

0 0 QJ

001

0

00 0
0

[]0

-94-

0
0

I I I

0 0

_aqulnll qo_1_ I_TxV

O

c;

O

tt_O e_ /_O

_ I i I

Ioqmn N qDmpl asImt|m3Id

CD

,--4

c;

O0 _.;

d

0

0

* _

p_

6

d

m









n'-
E_

E_
CE

Q_
C_ LI_
_'- E_

az
_- LLJ
CE rf-
rr _--

c_
L_ Z
rr- --_

t_ 0

L_J
rr- 0
OL_ rr-

C__ -F

CE

0

-96-

0

dO

.................... :::;:::::::::: .... "IDol

0

00"I hG "8 9l "0





rr-

_ZD

F--

_D

rr-

LL_

(]Z

CIZ

F--

O_ CO

C_ Z

3Z -_

W 0

6F)

n- 0

n--

>-- EZ)

O_ -T-

_D (-)

n-

Z

uJ CD

-97-

0

!

0o't

!i!!!!!

h6 "0 98 "0
IU/U

_9 "0 9L "O

o
o

°OL "0_





(]_.

CE

aS

W

00

Z

Z

IS

CD

C[

_J

[IS

X

CE

O
_c

o

o
_D

_. c_

_t c_

n-

EED
q-#

b-- O
ED

aS
O _)

ED
O b3

,,-4

[IS _-_

cd cd

O

ED _
ED

cr_

ED

0S

ED

9-

LJ

CD

cO

I

O

©

D

i:::::

!
f T

O0 " [ h6 " 0

-98-

9L "0





EL

C1E

Z

O_

LO

CO

Z

IZ

(J

C_I-

Z

LO

E_
7E

U
t---

CL

tD

I _,_
c_,+ d
o AI

co

a

r-.-i

Vl o

cr-

o

o lID

ta_ _,o
c3 • o

o
o t_

u_ N

cD

or3

cD
o2

KD
T-

CD

O

Oa

I

oa

B

-99-

o

O0"l h6 "'0





Pr-

O

l---

fi:[Z

Q_

O

fie

CIZ _Z
_Z CE

QZ _-

LJ F--

(Z3 U]
Z_Z Z

Z_

Z O
¢-1

C.3

Q: fiZ3
Z fiIZ

Z

CIZ C.3

0

n- C]

[

00"t

:::::::::::::::::::::

:i:i:iiiiiiiiiiiiiiiiii:]

h6 "0





-i01-

0

o

I

00"I h6 "0 9L "O





-102-

0

_L "0





-103-

! ....

iiiiiiii!!!_iiii!iiiii_

Lg "O





-104-

00
,-4

c_ d

0 0

o d
I I

0 ,-4"
0 0

d

EL

Clq

bJ

U3

EFf_

>--

fL

6_0
ELI

t---
Z

UJ

I

0

d

6"2.

t--

LL.

CE

LLJ
[.C

F--

CO
Z

.--_<5
0

1:1:3

CO

C]
EEl

0
3_

C.)

D

_i!iiiiiiiJiiiii!iiii_ ......_!

":::::,:

::::::::::::::::::::::::::::::::::::::::::::::::::::......

ii!ii





C_

0 O_

I _)

b-

o AI

_. |

to)

Vl g

ciZ

_Z
ill
iz3
_Z

Z

]Z
[_.]

_J
oZ
H

x
cE

if)

0
I

_)

o

c[Z

I--
tED
CC

Ix_

Z
C]Z

13r-
l--
03
"Z

_EZ)
C3

O3
0
CC
__)
]Z

CD

-105-





-106-

Lf:

d
!
u_

o

B

o

VI

0

O1

fV_

U

O3

70

Z

IIZ

(_)

CK

L_

O3

H

iii

(J

u_

Ai

I

f_

o

U
Q

O

fll

Of

IJJ

I---
0"3

E3

CO
C2'J

r_2

- t

"6 "0 L° "0





!

16 "D L_ "D

-107-

_L "0





r-_
I C_

0 °
¢xl

vl _

_Z
ffZ3

h-
IE ffD
CIZ OZ
_Z

U_
ffZ3 ffZ3

CIZ _Z
OZ

f_Z
_J p--

Z
F-- Z_

C3
L_

_Z

F-- 0
ZIZ

._J C3
a=
F-- 0

-108-

16 "0 Lg "0 EL "0





-109-

O
4J
O

O

_O
_D

E
O
_D

0

0
,-.4

0

_>

0

.el

.,-4





-ii0-

tip

hub

Blade Suction _ade Pressure

Surface _ Surface

L

v

Z

Axial and Radial Views of

Computational Domain

Figure 3.3





-iii-

!!

'\ \

'!

t

i I

I

r

\\-i
\,\ k x

I I I

09"0[ OL "b_ 08"8 06 h O0

Od

LF_

_F_

CD
C_)

_LD.

C3

LD

C'--

CD

L,C,

C3
,./'9

CD

O

H

(.,'9
H

H
>'4

IZ
,,4

O
.=

m
(D

,,,-I.,-I
_ ,.-.]

,',"'4

O,-I

Im ,,,-I

_..__-._
O O

..,"-IO
:>.._

.4-)

'lJ m
O

O'] I::_

',,,"'4

9_H 0N I"" 9_iI(I'_I_





O
-rq
¢0

od

O_

4_
O
F-q

|
_J

o4

cI

2.90

I .80 _

4. '0 m

0

1./4.0

-112-

O Calculated

--- Design With Losses

-- Design Inviscid

O
O

0 0 O0 O0

iD

0

0

I ! I I

0 .7 .8 3. _ I ,0

r/r
t

< )

';4

_9
r.D

o

_9

(

&a

¢-4

n4

I.!0

• r&._

i. 20

I. !?0

O Calculated

-- Design With Losses

-- Design Inviscid

0.5

- RD-®_

O
O

I I I I

0.7 0.8 0.9 1.0

r/_"t

Rotor Total and Static Pressure

Ratios, Theta Averaged
Figure 3.5





O

I
U

30.0

20.0

i0.0

-113-

Rotor Inlet Flow Angles

Theta Average Values

- OCalculated

--Design

O

0
0

0
0

0.0
i I I I i

0.5 0.6 0.7 0.8 0.9 1.0

r/r
t

,-4
_O

0

4-J

r-q

.r4

80.0

70.0

60.0

50.0

40.0

-- O Calculate d

-- Design

I I l I l
5 0.6 0.7 0.8 0.9 1.0

r/r
t

Figure 3.6





-114-

Rotor Exit Flow Ang!es
Relative Reference Frame
Theta Averaged Values

r-4
oo

c_

0

4.J

_J

15.0

i0.0

5.0

0.0

O

0.O

o Calculated
--Design

J I _ oo_
0.7 0.8 0.9 1.0

r/r
t

oO

O

X

80.U

60._

40.0

20.0

0.0

0.6

-- O Calculated

-- Design

O

I I I I

0.7 0.8 0.9 1.0

r/r t

Figure 3.7





Z

0.6

0.4

0.2

0.0

0.6

-115-

Rotor Exit Axial and Pitchwise

Mach Number Profiles

Theta Averaged Values

O Calculated

--Design

O

0000000000000

i . I u I
0.7 0.8 0.9 1.0

r/r

Z

_Z
0

cU
cn

_Z
0

<D

0.6

0°4

0.2

0.0

0.6

O Calculated
-- Design

-OOO Oo

I I I i

0.7 0.8 0.9 1.0

r/r t

Figure 3.8





-116-

Mach Number Contours for Computational

Blade to Blade Surface

Radius Ratio = 1.0

Figure 3.9





-117-

O

OJ

E_

©

_.J

E
©

0

_ q) 11

_ 2.2

_._

=_





-118-

c_

II

0 0

E
0 -,-I

©

0

0

Z_

E o

Z

.£: m:_
u

°





-119-

c-q
,-4

_D

<
z
o
H

o z

_a
o

o <

z <

_ m

<

ms





U

l

-120-

(if'

£D

(O

,Z3

C'_

CD

Or2.
22P

C_3

r.l

4)

o

E

(o

o

o

°_0

• 0
_._

0





-121-

\

\
\

// /

i ,:-3

I

co

CD

Od

°

-CD

CO

C_D

CO

_T

C_D

X

I

cj

C3

C,J

CD

C_D

h "0 i}_ "O '_i] "_]- 851 "8-
_LN_ .[3 [ _-t-J]03 ]_dqs S}-t_,-J_

_D
_CO

GO
O
.,40
4_ .,-4

4ai

o_
C._ q-t

_a

0

_0

,,-4::I
olO
,,-i

¢) m
Oe-I

¢) O

I0 ¢)

¢) m

,-4

io

¢)

_0
,,-I





-122-

¢

I

r ............

Oi] r O! "O

\

l.N-_ I9 [ J _JO,_

! I

LC

CD

CO

I

prh _

P_

L
CO

LID

C_

t--o
O! "0 02_ "0- oG'o--

L-]_NgS3UJ

®

_0

=10

0
0

4-_ =1

0

o
4._ ill
G_

_ 0

%_--I





%
/

,/

/-

\

½
/

/

/
/-

/

-123-

1 r?,

J c3

Fj

c)
(f_h

L
c.)

,-'-I

t_

,,-I

,-I
al

o

on::

0
,--I
_o

octj

_-_)

o_-I

o





-124-

Computed Blade to Blade Stream Surfaces

View as Seen Looking Downstream

r

r
t

-- =0.925

r

r
t

pressure

surface

r
-- =0.69
r
t

suction

surface

r
-- =0.63
r
t

r
-- =0.5
r
t

Figure 3.17





_o

o_

OJ
4.J

0





-126-

_.(_

%

%

'! 0

I _.-
i |

I •

_r'),,,j

ffl

L

,%

,, _ 0 Z

%
%,

0o

,---t

H

0

0

o

0
u]

jcw

•_ II

_ m
0

-,--t _

N m
-_t (1.1

-,--.t

t_ r_
0

m

0 _
-,--I N
4-1.,---i
-,--I
m,--t
0 ,---t





-127-

0

III1111

i f--IDO|III

a
LI.I
I--
_.)
I._

0
_.)

>.
._1
_1

1,1_

a
bd
(,0

ILl

0
n,,"

Z

oO
O0

c_
II

H





-128-

c_

(D

.,-4

b
m
0
4...i

0 oo
rO co

•,-.4 II

_J
"_ e'/

&._

<.3 "_

.





=o

-129-

c_
w
F-
0
i,l
n-
n-
O
0

>-

u_

£=)
hi
(/)
(/)
I.IJ
(.3
0
n-
O.
Z

O0

c_
II

rj_
h-I





-130-

(D

O0
.,._

0
.u

0
OoO

4-1
•,..-I II
m

(1..I .,..4

_)

E"_

O

O





-131-

Q
ILl
I'-
U
t,s,J
0::

0
U

)-
.J
_J
:D
U..

Q
W
or)

LI,J
U
0

Z

o
oo

c_
II

I-4





-132-

_o

L_

_E

0
4_I

0 0
L) oO

4-I
.-I II

_: 0

_J
•I-I o'_

E "U
0





-133-

Q
LIJ
I--
U
LI.I
n-
13¢
0
U

-J
-J

Li.

c_
ILl
@9
@9
ILl
t)
O
r,"
11.
Z

O

II

H

H





-134-

0
_J

0

o_ II

QJ .-(

c_
n_ C_

r,-





-135-

iiiiiii

_ OOB|III

Q
LI,,I
t"-
(..)
ha
IE
IE
0
0

>.,..
,.J
,.J
:3
I,.L

w
co

laJ
u
0

Z

L.O

O

II

4J

0

N

I.-I





-136-

,-4

4

_0
-,-4

D
0

0 L_
[D <C,

:>'+0

•_ It
cn
_z o

C_ u

(D
.iJ _0

0





0
.m

0
L

3

c/)

b-

r_

U

0

gt)

.6--

O_

D__

1.60

I .40

I .20 -

1.00

0.6

-137-

0 Calculated

X Experimental, port5

0
0

0
X

0 X
X

0
0 X

X
O, X

0

I I

0.7 0.8

O0

X

0

x

I

0.9

r/r t

0
0

0

x

x

1.0

0

.4---

0

2.0-

a. 1.8 -

,I,--

0

1.6-
ea 0

n

1.41

0.6

0 Calculated

X Experimental , port 5

0

0
0

xXx

0

X

O0
O0

0

0

X

0

0

Xx X
X x X x

0

I I I I

0.7 0.8 0.9 1.0

r/r t

Rotor Total and Static Pressure Ratios

Theta Averaged Values

Figure 4.12





0 o_
oo 0o

4 4
I I o_

,-_ 0 oo
i_- oo •

,4 ,4 AI

,4 ,4
o,.I

vl _ 4

FIDD

0

c_

@

,...._ ,-._

0

Q_

O_a_

0._

96 "N t6 "0

-138-

LL "0

°

-Od

::::::::;::i:i:i:,

0

0/_ "0 _."; LF

iiiiiiiii!iiiiiiii/i!ii
li:i:i:i::f!:!::i!:i: o

i:i iii:::::::::::::::::::/iiiiiiiiiiiiiiif!!i;:" i- -
0





o_
@q

I

c_

4

8

oO
<2

4
I

c_
c_

4

4

vl 4

OD

o

.r_H

09E_

"0 0

_,--4
_n3

o4-_

96 "0

-139-

h9 "0

IU/W

LL "0

!iiiiiiiiiiiiiiiii

OIEIGIINAL PAGE I_
OF POOR QUAL-n"Y





-140-

80.0 -

_o

-_ 60.O-
t-
O

l-
°__

o

.-_ 40.0 -
X

fl)

_- e,I 0

e). 2o.o-

0.0

0.6

O Calculated

x Experimental, port 5

O

(_ 0 x°x°

x x x

00°o

I I 1 I

0.7 0.8 0.9 1.0

r/r t

Rotor Exit Air Angles Relative Coordinate

Frame Theto Averaged Values

Figure 4.15





-141-

0
.r-I
4J

4J

0

0

0

0
rj

0.6

0.5

0.2

Computed velocity Components

Radius Ratio = 0.75

At Blade Trailing Edge

v 0

press ur e suet ion

side

0.5 1

Blade Passing Periods

side vr

0 1.5 2.0

Figure 4.16





-142-

ComputedVelocity Components
Radius Ratio = 0.86
At Blade Trailing Edge

O

-4
4J

4J

.4

O
_-_

>

©

>

0.5

0.4

0.I

_ pressure suction

side side v

I ! I I

0.5 1.0 1.5 2.0

Blade Passing Periods

Figure 4.17





O"3
I--
Z

Z

0__

cJ L_-)

GS_C_L3..

:'L] CD

Z ,I

1-"[_t---
U_) ,r'r-
C13_.

rl-
eD
H-

L__

CI]

rT-

Or)
Z

0"3

rl-

Z
C_)

__J

X
C_

CD

o

o

o
o b0

C

B_

0 _)

-143-

| !

OL "0

_.,..h'_$ "

.,...,:
• I

Oh'a ,3! "0 OL "O

:: ::': ,-"
.., .y]

#_':-
.:_,_,

-_._

•,":;
.-. %

,:F'

- --;_-..-----

I

Oh "0

.: :_]
._.-.:

01

- ,.)

CD

C_

-c-_

C.D

-c'j

LL.;
_C__.

-cJ
Z
w-.-..,

_c..T__
_f.k_

KE
_.._1

c_ C121

-o

CD
t__

,-4

,,-4

b]_W,'IN _LlbW jS]MIq]IiJ L_I_WQN HD_W lgIXb





Z
LLJ
Z
(IS)

>--
ED
LDtJ3

_Z_OO
L_

Z
_T_3
Z ;I

T'- _--
tDrF
C1Z_.
_-- LIZ

n-

h--

L__
(D

Z

L_
LL2

OO
Z_

rE)
E3

'dO

LIE

LIE
U

LIi

X
CK

CD

-144-

o

o0
b0

o
o bO

4o.,-I

K
o

ZJ

o0

×× ××× _× -_

I__

....

-.... jl

0

i)5"O 0! "i3 8__'0 °

612WI7N ki:)bW 7_I066





-145-

_o

E

z 0.6

l--
O
O

0.4
(/)

.E
0

T_ 0.2 -

0.0

0.6

0 Calculated

x Experimental, port 5

0 O0 0

_ XX

0
O0

X
X

X

X

0 000000

X

X X X

1 I I I

0.7 0.8 0.9 1.0

r/r t

I,.-

(D
J3

E

Z

l--
L)
E)
:E

o
°_

>(

o

K

_E

0.6

0.4

0.2 --

0.0

0.6

0 Calculated

X Experimental, port 5

XX
X

X X
X X

0 O0 0 0 0 0 0 0 0 _ 0 0
X

X

0

I I I I

0.7 0.8 0.9 1.0

r/r t

Rotor Exit Axial and Pitchwise Mach

Number Profiles Theta Averaged Values

Figure 4.20








